Introduction
One of the most important factors in beef quality and a determinant of consumer purchase decisions is colour. Red colour is associated with the freshness and wholesomeness of beef, which is why even minor changes in colour may result in losses in the meat sector (1) .
Moreover, the colour of beef depends on the period of beef ageing, type of muscles analysed, and animal sex. The factor playing a key role in the stabilisation of meat is the packaging system. One of the systems used for packaging fresh beef is modified atmosphere packaging (MAP), which mixes in a high oxygen concentration. It results in the development of an intense colour in the beef. Vacuum packaging has a negative impact on red colour retention in beef, which is why it is the most poorly rated by consumers (2) . Yet vacuum packaging combined with cold storage is currently the most efficient method of extending meat sell-by dates due to the tiny amounts of oxygen in the packaging (3) . The colour of beef is also influenced by the feed composition and supplementation with vitamins and minerals. The following vitamins are used to improve the colour of fresh beef: E, A, C, and D 3 (4) .
An important indicator of beef quality, besides colour, is its tenderness as it significantly impacts consumer appreciation of the taste (5) . In recent years, scientists have attempted to devise a method to improve tenderness before slaughter. One of the ways of achieving this is to feed animals a diet containing vitamin D 3 supplemented feed. Vitamin D 3 serves to mobilise the calcium ions that stimulate the activation of calpain enzymes, mostly μ-calpain and m-calpain. Degradation of enzymes, which in the case of muscles, are found in cytoplasm, results in the weakening of muscle fibre structure, which improves the textural properties of beef (6) .
This work presents the results of an analysis aimed at determining the impact of modified atmosphere and skin packing on selected quality indicators of beef. The research also covered the impact of a D 3 supplementation regimen on selected parameters to determine optimum dosage and timing of the feeding so that it decreases the hardness of beef and improving its tenderness.
Materials and methods

Animals and feeding strategy
The study material consisted of 48 crossbreeds between Holstein-Friesian (HF) and Limousin, which were slaughtered in the 18th and 19th months of life. The bulls reached a final weight of 680 ± 20 kg. The animals were divided into four study groups corresponding to the different vitamin D 3 supplementation regimes: 0, 3.5, 7, and 10 M IU day -1 animal -1 . The animals from each group were kept in separate stalls. The bulls were divided into 4 groups according to the D 3 supplementation type in the diet (Table 1) .
The feed composition is presented in Table 2 . Vitamin D 3 was fed as a dry powder stabilised with DL-α-tocopherol (Merck Millipore, Darmstadt, Germany). The appropriate dose of vitamin D 3 was dissolved in water and later mixed with 0.5 kg of ground oats. The mix, prepared as described above, was fed to animals daily before the morning feed.
The animals were slaughtered after 10 days of feeding appropriate dosages of vitamin D 3 . The supplementation was delivered in January, at the time of lowest light intensity and minimal exposure to the sun. The packed muscles were stored cold (refrigerated) for 10 (10d) and 14 (14d) days at 2 °C (±1 °C). The control group was fresh unpackaged meat without D 3 supplementation (CONTROL).
Sampling and sample packaging
CIE L*, a*, and b* evaluation
The measurement of CIE colour spaces, L* (light reflection), a* (redness), and b* (yellowness), was performed on the surface of the steaks made from each muscle included in the study immediately after opening the packaging. The measurements were performed with a colour measuring instrument (Minolta CR400; Konica Minolta Sensing Inc., Osaka, Japan) with the following parameters: observation, angle 10°, 8-mm aperture size. The device used for testing the samples had previously been properly calibrated with a calibration plate (Y: 93.5; x: 0.3162; y: 0.3330). The final result was the arithmetic mean of 10 measurements performed on the surface of every steak.
Warner-Bratzler shear force (WBSF)
The shear force test was performed with the use of a Warner-Bratzler shear device in a Universal Testing Machine (Instron 5965; Instron Corp., Norwood, USA). Samples weighing approximately 150 g were heat-treated in a bath (WNE 14; Memmert, Schwabach, Germany) until the temperature at their geometrical centre reached 74 °C, and later chilled to 2 °C (±1 °C). Samples in the form of 6 cylinders with a diameter of 8 mm were cut from the cooked steaks parallel to the muscle fibres. Thus, the selected samples were cut perpendicular to the muscle fibres.
Statistical analysis
The results obtained were subjected to statistical analysis with Statistica 10.0 and IBM SPSS 21 software. The impact of the selected packaging systems and effect of various doses of vitamin D 3 on component colours L*, a*, and b* and shear force (WBSF) were tested with one-way expressed in days. 
Results
It was determined through one-way variance analysis (P ≤ 0.05) that the L* colour component differed significantly depending on the dose of vitamin D 3 and the packaging system applied, as presented in Table 3 . In all muscles studied, the L* parameters of meat packed in MAP1d10 and MAP1d14 and MAP2d10 and MAP2d14 were higher than in the control group (CONTROL). The increase in the parameter was statistically significant. In turn, the meat packed in VSPd10 and VSPd14 had lower L* values, as compared to the control batch (CONTROL). As these differences were not statistically significant in all the muscles in question, the impact of vacuum packing on lowering the L* value cannot be proved. Lower values of the L* parameter, compared to MAP1-and MAP2-packed beef, were observed in all VSP-packed meat. A statistically significant lowering of the L* value was present on the 10th and 14th days of ageing, independent of the supplementation applied. In the case of the REF The values of a* depended on the packaging system applied and the dose of vitamin D 3 (Table 4 ).
In the REF and GLU muscles, the value of the a* parameter increased in meat packed in MAP1 on the 10th day of storage, as compared to the control batch (CONTROL). These differences were statistically significant for vitamin D 3 supplemented meat. On the 14th day of ageing in MAP1-packed meat, the value of a* parameter dropped, as compared to the beef packed in the same system and aged for 10 days. The differences were Table 3 . Mean values of the L* colour indicator broken down by packaging systems and days from slaughter vs. vitamin D 3 dose, with homogeneous groups denoted in rows and columns of the study performed and a confidence level of P ≤ 0.05. ; MAP1 = modified atmosphere packaging, 80% O 2 + 20% CO 2 ; MAP2 = modified atmosphere packaging, 60% O 2 + 40% CO 2 ; d10 = 10th day of storage, d14 = 14th day of storage; VSP = vacuum skin packaging;
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a…e -used to denote groups that are homogeneous in respect to packaging system on individual days (in rows) with P ≤ 0.05; A…C -used to denote groups that are homogeneous in respect to dose of vitamin D 3 (in columns) with P ≤ 0.05. statistically significant. In the case of the REF and GLU muscles, the values of the a* parameter were lower for MAP2-packed meat on the 10th and 14th days compared to MAP1 d10 and d14. The differences were statistically significant for selected muscles on the 10th day of storage and for the batches with vitamin D 3 supplementation of 3.5 and 10 M IU. On the 10th day, the VSP-packed meat had lower values of a* parameter compared to MAP1 and MAP2 on d10. The differences were statistically significant in all muscles only on the 10th day of storage for all levels of supplementation. In the GLU muscle a decrease in a* value in meat with D 3 supplementation was observed, as compared to the control batch (CONTROL) which contained no vitamins in all packing systems. The negative differences were statistically significant.
The value of b* depended on the dose of vitamin D 3 and the packaging system applied (Table 5 ).
An increase in the b* parameter in MAP1-and MAP2-packed meat on the 10th and 14th days of ageing was observed in all the muscles in the study, as compared to the control batch (CONTROL). The differences were statistically significant in vitamin D 3 supplemented meat. The b* parameter was lower for VSPd10-and VSPd14-packed meat, as compared to the control batch (CONTROL). The differences were statistically significant for GLU and ADD muscles at all levels of supplementation. In all the muscles covered by the study, a decrease in the value of b* parameter was observed in the case of the VSPd10-and VSPd14-packed meat, as compared to the MAP1 and MAP2 on both the 10th and 14th days of ageing. The drops in these values were statistically significant at all levels of supplementation. Moreover, lower values of the b* parameter were observed in meat supplemented with vitamin D 3 , as compared to nonsupplemented meat. The differences were statistically significant for MAP1d10-packed meat in all muscles in the study. In the case of MAP1-and MAP2-packed meat, a drop in the value of parameter b*, as compared to the control batch (CONTROL), was demonstrated on the 14th day of ageing, and-in the case of REF and GLU musclesalso on the 10th day of ageing. However, these differences were not statistically significant. Therefore, the impact of ageing time on the value of parameter b* cannot be proved for meat packed in modified atmosphere. ; MAP1 = modified atmosphere packaging, 80% O 2 + 20% CO 2 ; MAP2 = modified atmosphere packaging, 60% O 2 + 40% CO 2 ; d10 = 10th day of storage, d14 = 14th day of storage; VSP = vacuum skin packaging;
a…e -used to denote groups that are homogeneous with respect to packaging system on individual days (in rows) and a confidence level of P ≤ 0.05 ; A…C -used to denote groups that are homogeneous in respect to dose of vitamin D 3 (in columns) with a confidence level of P ≤ 0.05.
Variant analysis (P ≤ 0.05) demonstrated the presence of statistically significant interactions between the packaging system used, dosage of vitamin D 3 , and shear force ( Table 6) .
Characteristic of meat packed in MAP1 and MAP2 and aged for 10 and 14 days was a drop in the shear force, as compared to the control batch (CONTROL). The differences were statistically significant for all muscles at all levels of supplementation. A drop in the value of shear force was observed in VSPd10-and VSPd14-packed meat, as compared to the control batch (CONTROL). Statistically significant drops were demonstrated in all muscles at all levels of supplementation. In the case of the GLU and ADD muscles, lowering of shear force was observed in MAP2d10-packed meat with 10 M IU vitamin D 3 supplementation. The drop in value was statistically significant. Similarly, a drop in the shear force was demonstrated for the ADD muscle, in the case of unpackaged meat (CONTROL). The drops were statistically significant for the doses 3.5 and 10 M IU. In the case of REF and ADD muscles, a drop in the shear force value was recorded for VSP-packed meat aged for 14 days with vitamin D 3 supplementation of 10 M IU. The demonstrated differences were statistically significant.
Discussion
This study demonstrated that modified atmosphere packaging (MAP1, MAP2) had a bearing on increases in parameter L*, which is responsible for the lightness of meat, on the 10th and 14th days of ageing. This is concurrent with results obtained by Insausti et al. (7) . They discovered that parameter L* grows parallel to the duration of storage, which results from progressing denaturation. These processes result in the degradation of proteins and, consequently, increased lightness of meat. Vacuum packing resulted in greater lowering of the L* value than modified atmosphere packaging (MAP1, MAP2) on the 10th and 14th days of storage, regardless of vitamin D 3 dosage. These results are consistent with those obtained by Insausti et al. (8) , who demonstrated higher values of parameter L* after a 15-day period of meat storage, compared to vacuum packed meat. The results obtained validated that vacuum packing (VSP) resulted in ; MAP1 = modified atmosphere packaging, 80% O 2 + 20% CO 2 ; MAP2 = modified atmosphere packaging, 60% O 2 + 40% CO 2 ; d10 = 10th day of storage, d14 = 14th day of storage; VSP = vacuum skin packaging; a…e -used to denote groups that are homogeneous in respect to packaging system on individual days (in rows) with a confidence level of P ≤ 0.05 ; A…C -used to denote groups that are homogeneous with respect to dose of vitamin D 3 (in columns) with a confidence level of P ≤ 0.05. the lowering of parameter L* on the 10th and 14th days of meat ageing, as compared to unpackaged meat. Similar results were obtained by Farouk and Swan (9) , who claimed that vacuum system packing combined with cold storage has an impact on lowering the L* parameter. Vacuum packing helps to decrease the denaturation of proteins, which is responsible for decreasing the diffusion of light. The red colour of meat is a basic sensory feature and the most important among the independently assessed distinctive factors related to appearance; it is an indication of freshness and quality (3) . The studies conducted demonstrated that modified atmosphere packaging (MAP1), supplementation with vitamin D 3 , and the 10-day period of meat ageing had a bearing on the increase of parameter a*, which is responsible for the red colour of meat. These results are partially consistent with those reported by Lindahl et al. (14) , who also demonstrated an increase in parameter a* for meat packed in modified atmosphere and aged for 8 days. The MAP1-packed meat aged for 14 days deteriorated in redness, due to the lowering of the value of parameter a*, as compared to meat packed in the same system but aged for 10 days. The colour of beef obtained after 10 days was of greater value. This agrees with the results obtained by O'Sullivan et al. (15) , who demonstrated that a drop in parameter a* is linked to the duration of storage. Similar results were obtained by John et al. (16) , who concluded that the browning of meat related to the drop in a* is observed after a 14-day period of storage and results from the development of metmyoglobin on the surface of the beef. The studies conducted demonstrated that a gas mixture with a higher oxygen concentration (MAP2) had a bearing on lowering of a* parameter value on the 10th and 14th days ; MAP1 = modified atmosphere packaging, 80% O 2 + 20% CO 2 ; MAP2 = modified atmosphere packaging, 60% O 2 + 40% CO 2 ; d10 = 10th day of storage, d14 = 14th day of storage; VSP = vacuum skin packaging; a…e -used to denote groups that are homogeneous with respect to packaging system on individual days (in rows) with a confidence level of P ≤ 0.05; A…C -used to denote groups that are homogeneous with respect to dose of vitamin D 3 (in columns) with a confidence level of P ≤ 0.05. of meat ageing, when compared to the mix with a lower proportion of oxygen (MAP1). The results obtained are in line with Zakrys et al. (17) , who demonstrated that high oxygen concentration in the gas mix results in red colour deterioration due to an increase in the oxidisation of lipids and proteins, which has an impact on metmyoglobin level. Skin-pack packing technology and a 10-day ageing period resulted in the lowering of parameter a* in beef when compared to meat packed in modified atmospheres (MAP1, MAP2). Similar results were presented by Lagerstedt et al. (18) , who stated that the value of the parameter in question is decidedly higher in meat packed in modified atmosphere than in vacuum packed meat, as a result of the high concentration of oxygen in the gas mix. Packed beef had a dark, violet-red colour, which resulted from the removal of oxygen and is consistent with the results reported by Boles and Pegg (4). The results obtained confirmed that vitamin D 3 had a bearing on the lowering of the a* value and, consequently, had a negative impact on the red colour of meat in the case of GLU muscle. Meat without vitamin supplementation was redder, regardless of the system of packing or meat ageing period. This is contrary to results obtained by Lawrence et al. (19) , who demonstrated that vitamin D 3 supplementation of meat does not have a significant impact on changes in the value of a*.
The studies conducted demonstrated the impact of meat packing in modified atmospheres (MAP1, MAP2) on increases in parameter b* on the 10th and 14th days of ageing when compared to the control. Modified atmospheres (MAP1, MAP2) make it possible to maintain higher values of parameter b*, as compared to vacuum packed meat, regardless of vitamin D 3 dose. This is confirmed by Xin et al. (20) , who proved that parameter b* was decidedly higher for MAP-packed meat compared to the control and vacuum packed meat. In their studies, Lorenzo and Gómez (21) demonstrated a significant increase in parameter b* in the case of meat packed in modified atmospheres. VSP resulted in a drop in parameter b* value on the 10th and 14th days of storage, as compared to the control batch. These results are not in agreement with those reported by Bingol and Ergun (22) , who demonstrated a drop in parameter b* parallel to the period of ageing. Different results were obtained by Bruce et al. (23) , who demonstrated an increase in parameter b* for meat stored in vacuum for 14 days. Vitamin D 3 in doses of 3.5, 7, and 10 M IU combined with modified atmosphere packaging (MAP1) and a 10-day period of storage resulted in the lowering of the b* parameter value. The above is not in agreement with Reiling and Johnson (13) , who demonstrated that there is no correlation between vitamin D 3 supplementation of meat and changes in the colour spaces.
Supplementation with vitamin D 3 improves beef tenderness (6) . Studies conducted demonstrated that modified atmosphere packing (MAP1, MAP2) results in increased beef tenderness on the 10th and 14th days of ageing, as compared to unpackaged meat. Similar results were also obtained by Tørngren (24) , who claimed that modified atmosphere that contains oxygen and carbon dioxide results in an increase in beef tenderness. Clausen et al. (25) stated that meat packed in modified atmospheres is less tender. They explained the mechanism as a decrease in proteolysis through inactivation of proteolytic enzymes in an aerobic environment. The experiment proved that vacuum packaging also had a positive impact on increasing beef tenderness in the case of 10-and 14-day storage periods, when compared to the control. Similar results were obtained by Lagerstedt et al. (18) , who demonstrated an increase in beef tenderness after 14 days of storage. The value of shear force is reduced with the extended period of beef storage, as documented by Monsón et al. (26) . Vitamin D 3 supplementation of 3.5 and 10 M IU has a bearing on the increased tenderness of unpacked beef. Differing results were obtained by Gonzalez et al. (27) , who demonstrated that supplementation of vitamin D 3 at 7.5 M IU resulted in a reduction in WBSF. In their studies, Montgomery et al. (12) used doses ranging from 0.5 to 7.5 M IU and various ageing times. They ascertained that the use of vitamin D 3 has a significant impact on improving meat tenderness, which is manifested by a drop in shear force for vitamin doses of 0.5 and 7 M IU, in the case of meat aged for 14 days. An increase in the tenderness of meat through supplementation with vitamin D 3 results from the activity of intracellular enzymes, notably calpains. They are responsible for protein proteolysis, a process that loosens up the muscle structure (28) . A dose of 10 M IU combined with vacuum packing (VSP) and a 14-day storage period has an impact on beef tenderness. Studies by Hansen et al. (29) demonstrated the impact of vitamin supplementation (in a dose of 7 M IU) on improving the tenderness of the vacuum packed beef on all days of the ageing process. Vitamin dosed at 10 M IU combined with modified atmosphere packing (MAP2) and a 10-day ageing period resulted in increased beef tenderness. Zakrys et al. (17) demonstrated a tendency of shear force to grow in parallel to the increase in oxygen content in the packing, which is discordant with the results obtained in the previous study. One of theories proposed to explain the phenomenon is oxidisation of the enzymes involved in the process of tenderisation, which leads to a slower process of meat tenderisation or to its complete termination (30) .
The studies conducted proved a significant impact of modified atmosphere packaging on decreases in parameters L*, a*, and b*. For meat packed in a gas mixture, more favourable results were obtained after a 10-day ageing period. On the other hand, skin-pack technology packing and vitamin D 3 supplementation resulted in a drop in the parameters responsible for the colour of beef on both the 10th and 14th days of ageing. The meat ageing process, both 10 and 14 days, and the packing systems applied had a bearing on beef tenderness. Moreover, the studies demonstrated a significant impact of vitamin D 3 dosage (3.5 and 10 M IU) on increases in unpackaged beef tenderness, which is why such supplementation to improve meat tenderness is justified. Fourteen-day ageing of vacuum packed meat and 10-day storage of meat packed in gas mixture containing 60% O 2 and 40% CO 2 is a way of improving meat tenderness with vitamin D 3 supplementation at M IU. Supplementation makes it possible to obtain higher tenderness values for beef, yet this is linked to the lowering of colour parameters; colour in turn, is the most significant distinctive factor from the point of view of the consumer. To increase beef tenderness, in addition to vitamin D 3 supplementation, the meat packing systems discussed above can be applied in combination with suitable ageing times.
